Grazed pastures are strong sources of the greenhouse gas nitrous oxide (N2O). The quantification of the emissions is 9 challenging due to the strong spatial and temporal variability of the emission sources and therefore emission estimates are 10 very uncertain. This study presents N2O emission measurements of two grazing systems in western Switzerland over the 11 grazing season 2016. Two herds of dairy cows were kept in an intensive rotational grazing management. The diet for the 12 cows consisted of different protein to energy ratios resulting in different N excretion rates. The N in the excretion was 13 estimated by an animal budget model taking into account the measurements of feed intake, milk yield and body weight of the 14 cow herds. Excreta patches and background surfaces on the pasture were identified manually after different grazing rotations 15 and the magnitude and temporal pattern of the single emission sources were measured with a Fast-box (FB) chamber. The 16 field scale fluxes were quantified using two eddy covariance (EC) systems. The FB measurements were finally up-scaled to 17 the field and compared to the EC measurements for quality control by using EC footprint estimates of a backward 18 Lagrangian stochastic dispersion model. Neglecting emission periods influenced by fertilizer applications resulted in 19 significant higher system emissions (960 ± 219 g N2O-N, or 25 %) for the full grazing regime (system G) compared to the 20 system with the N balanced diet (system M). Relating the found emissions to the excreta N resulted in grazing related EFs of 21 1.24 ± 0.20 % for system M and 1.36 ± 0.26 % for system G. The found grazing related EFs were thus significantly smaller 22 compared to the EF of 2 % of the IPCC guidelines. Disaggregating the up-scaled fluxes into single contributors showed that 23 urine patch emission dominated the field scale fluxes (57 %), followed by significant background emissions (38 %) and only 24 a small contribution of dung patch emission (5 %). The resulting EFs of 1.13 ± 0.3 % and 0.17 ± 0.04 % for urine and dung 25 indicates the need to disaggregate the grazing related EFs by excreta type. The study also highlights the advantage of an N 26 optimised diet which resulted in reduced N2O emissions on the system level. 27
INTRODUCTION 28
the 12 cows per system. The northern system (system M) represented a N optimized feeding option where the diet of the 23 cows consisted of grass with additional maize silage (roughly 20 % of the dry matter intake (DMI)) resulting in a demand 24 optimized protein content in the diet (Arriaga et al., 2010; Yan et al., 2006) . This also reduced the N input to the pasture. The 25 southern system (system G) represented a full grazing regime with no additional forage which resulted in a considerable 26 protein surplus. Both systems were managed as a rotational grazing system with 11 paddocks (Fig. 1a) resulting in a typical 27 rotation period of about 20 days. The size of the paddocks was adjusted for the different feeding strategies and resulted in 28 typical sizes of 1700 m 2 for system M and 2200 m 2 for system G. The rotation of both systems was managed synchronously 29 with a new rotation starting on the westerly paddocks (X.11 to X.16 with X indicating both systems) followed by the easterly 30 ones (X.21 to X.25). 31
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1
Grazing on the paddocks started with intermittent grazing phases in March and ended in early November with the main 2 grazing season being between end of April and early October. During this time period eight full rotations took place. The 3 cows typically spent 18 to 20 hours per day on the pasture and were brought to the barn twice a day (around 05:00 and 17:00 4 LT) for milking. However, in July and August the cows spent a longer time in the barn during daytime (up to six hours, see 5 total N and urine / dung N to be 15 % (2σ) for the same experiment. Seasonal statistics of the input variables are given in 21 Table 2 . 22
Small scale flux measurements 23

Excreta detection 24
The localisation of fresh dung and urine patches was essential in this study to perform chamber measurements attributable to 25 distinct surface conditions. Intensive observation areas of 10 x 10 m or 15 x 15 m close to both EC towers in the paddocks 26 X.11 and X.21 (see Fig. 1a ) were selected. Within these areas fresh dung and urine patches were mapped typically 1-3 days 27 after grazing of the respective paddock. Dung pats were mapped visually and labelled for subsequent chamber 28 measurements. For urine patches a direct visual identification was not possible. Bates et al. (2015) demonstrated the ability 29 of surface-soil electrical conductivity measurements to detect urine patches. Using this approach we mounted a GS3 probe 30 (Meter Group, US; for soil moisture, temperature and electrical conductivity measurements) on a hand-held stick and 31 
For small values of the exponent Q/V*t (slow chamber volume exchange and short measurement time) as characteristic for 2 the present fast-box measurements, the entire bracket term can be linearized with a series expansion to (Q/V*t). Inserting the 3 resulting function for C(t) into Eq. 1a yields: 4
step, 10 Hz data outside a plausible physical range were identified and replaced by a running mean filter with a window size 23 of 500. In a next step, wind compounds were rotated into the mean wind direction using the double rotation (Kaimal and 24 Finnigan, 1994) technique and concentration values were subject to linear detrending within an averaging interval of 5 min. 25
The EC flux is defined as the covariance of the vertical wind speed and the trace gas mixing ratio. Due to the long inlet tube 26 the time series of the trace gas signals are delayed in relation to the wind measurements (by a quasi-constant lag time of 27 several seconds) and have to be shifted to obtain the correct covariance flux (Langford et al., 2015) . In a pre-evaluation, the 28 'default lag' was determined as the most frequent position of the maximum absolute value of the cross-covariance function 29 over periods of weeks to months (depending on instrument maintenance). Then it was checked for each half-hour period 30 whether the individual 'dynamic' lag was within a time window of 0.61 seconds around the default lag. If this was the case, 31
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The fluxes measured by EC systems are subject to different high frequency losses due to sensor separation and in case of 3 N2O air transport through the inlet tubes (Foken et al., 2012). These damping effects can lead to significant underestimation 4 of the flux and must be corrected. Based on Ammann et al. (2006) the half-hourly high frequency losses were quantified 5 using the 'ogive' method where the damping factor was calculated by fitting the normalized cumulative co-spectrum of N2O 6 to the one of the sensible heat at a frequency of 0.065 Hz. In a post processing step, these half-hourly damping factors were 7 filtered for favourable conditions e.g. low noise level of the ogive and the flux. The selected values were used to compute a 8 wind speed and stability dependent damping function which was finally used to estimate the damping factor. Depending 9 mainly on the wind speed, a damping effect of 10 -30 % was found and corrected for. 10 EC flux measurements were taken continuously over the grazing season. Since the present study is focussed on N2O 11 emissions from grazing, time periods with strong influence of N2O emissions from fertilization and harvest events (see Fig.  12 2) were excluded for computation of cumulative emissions and for comparisons between field scale and small scale 13 measurements. These exclusion periods were limited to the 15 d following fertilization or harvest and led to a rejection of 47 14
Quality control and gap filling 18
EC flux measurements are subject to different sources of measurement problems and quality issues which often result in data 19 loss or necessitate data rejection. These sources can be instrument specific like power failures or malfunctioning, 20 environmental driven like measurements under non ideal conditions (e.g. low turbulence) or a combination of both (Papale, 21 2012). Power break down, instrument maintenance (only on system M) and delayed installation (only on system G) led to a 22 data loss during the GOP of 12 and 17 % for systems M and G, respectively. Data rejection due to low u* (<0.07 m s -1 ), non-23 stationarity (Foken et al., 2012) and large vertical tilt angle (-2° -6°) of the wind vector led to a further data loss of about 35 24 %. Additional rejection of wind sectors influenced by the farm facilities, trailer or shelter and to avoid cross-influences from 25 the other pasture system (280° -25°; 97° -195°) contributed to an overall data loss of 64 and 69 % for systems M and G. 26
The data gaps had a diurnal pattern with stronger data loss during the night. It was driven by the wind pattern with typically 27 stronger wind speeds during daytime and calm nights. 28
The gaps in the flux time series needed to be filled in order to compute cumulative sums over a certain period of time. 29
However, no well-established reference method for the gap filling of N2O fluxes exists to date. We followed the evaluation 30 The integral footprint extension, taking into account the wind direction and u* filtering as described in Sect. 2.5.3, resulted in 26 a distinct separation of the two systems (Fig. 4) with only marginal contributions of the other system (<2.5 %). The seasonal 27 averaged footprint ratios during the grazing season covered about 80 % of the main field (without the optional areas 28 indicated in grey colour in Fig. 1a) . The footprint ratios of the single paddocks were also used to upscale small scale 29 emissions to the EC flux footprint in order to compare the two flux measurement methods to each other.
Environmental parameters 1
In order to relate the measured fluxes to meteorological driving parameters an automated weather station (Campell Scientific 2 Ltd., UK) was installed at the northern field next to the Sonic. A WXT520 (Vaisala, Vantaa, FL) measured the wind speed, 3 precipitation, temperature and barometric pressure, and global radiation was measured with a pyranometer (CNR1, 4
Kipp&Zonen, Delft, NL). 5
Soil moisture and temperature were measured continuously with two repetitions on each pasture system close to the EC 6 towers with ML3 Thetaprobe (Delta-T Devices Ltd, UK) devices at a depth of 5, 10, 20 and 40 cm. scale N2O emission pattern (Sect. 3.1) and comparable soil measurements (Fig. 2) , it was assumed that soil parameters were 22 homogenous on the pasture and that the measurements on system M were representative for the whole field. 23
24
The FB derived N2O emissions for the different sources were analysed for potential driving parameters (excreta age, soil 25 temperature, soil moisture). For this purpose various regression models were tested using different predefined function types 26 (linear, exponential, polynomial functions, sigmoidal). Based on goodness of fit and statistical significance of regression 27 coefficients, the most suitable relationships were chosen and applied to produce continuous emission time series for the 28 paddock areas ( 
Chamber fluxes 1
Comparison of pasture systems 2
Fluxes of background and dung patches were significantly smaller compared to the fluxes of urine patches (Table 3, Fig. 7) . 3
Especially fresh deposited urine patches with excreta ages below 3 days were able to emit more than 100 times the values of 4 typical background areas. The relative variability within the different source classes were very high and resulted in standard 5 deviations larger than the associated mean values. The excreta fluxes measured on system G tended to be somewhat higher 6 in magnitude, but no significant difference (p>0.05) due to the large variability was found. Also for the background fluxes no 7 significant (p>0.05) difference between the two pasture systems was observed. Therefore all FB fluxes were combined for 8 further processing without taking into account the different pasture systems. 9
Dependence on excreta age 10
The information on the temporal pattern of the excreta and background fluxes after grazing is important for the time 11 integration of the individual sources and for the comparison with the EC measurements. In order to analyse and parameterize 12 the temporal evolution of the emissions, the FB fluxes of each source class (background, urine, dung) were related to the 13 days after EOG (defined as excreta age, Sect. 2.4.2) ΔtEOG (Fig. 8) . A strong relation between measured excreta fluxes andin the first 6 days after EOG with the highest average value found on day one (660 µg N2O-N m The coefficients of Eq.3 -Eq.8 are presented in Table 4 (Eq. 3) and a deviation ΔFU,E to it, where ΔFU,E was parametrized as a function of environmental driving parameters TS and 28 VWCU (Eq. 7 and 8, Fig. 9) . 29 (environmental driving parameter) were applied to upscale the FB measurements to the paddock size during the GOP. 14 As shown exemplary for an 18-day period in Fig. 10b, present. These rapid variations occurred typically after stronger precipitation events (as shown in Fig. 10a for onsite 21 meteorological and soil measurements). 22
Upscaling the paddock fluxes to the EC footprint allowed a direct comparison with the EC fluxes on a half-hourly basis (Fig.  23   10c) . The up-scaled FB fluxes compared well in magnitude with the measured EC fluxes and showed a comparable temporal 24 behaviour. Nevertheless, the variations were less pronounced. While generally a response of the up scaled FB fluxes to 25 variations of environmental driving parameter was observed, the response was rather limited in comparison to the measured 26 EC fluxes. 27
Gapfilling of the EC fluxes (Sect. 2.5.3) allowed the calculation of the cumulative emissions during the GOP (solid lines in 28 Fig. 11 ). Normalized per area, emission were very comparable between the two systems throughout the GOP and the 29 seasonal sums of the emissions were in the order of 1500 g N2O-N ha -1 . Cumulating the N2O emissions not only enabled a 30 more quantitative comparisons between the systems, but also allowed a better comparison between the two measurement 31 approaches (Fig. 11) . The emissions of the up-scaled FB matched the EC emissions rather well with differences of the 32 result. However we found no clear indication for differences between the rotation paddocks concerning their productivity or 24 other characteristics. Also an alternative up-scaling of the FB measurements to the entire pasture system (without taking the 25 EC footprint into account) representing the average emission over all rotation paddocks (Table 5 , FB system emissions) 26 differed less than 4 % from the EC footprint related emissions. 27
The area related emissions discussed so far are not representative for assessing the mitigation effect of the N reduced diet 28 regarding N2O emissions because the pasture system area also plays a major role. Taking into account the different pasture 29 sizes (1.88 ha vs. 2.51 ha for system M and G, see Table 5 optimised diet of about 25 % and demonstrates the ability of an N adjusted forage to reduce emissions. It also shows, that the 1 reduction effect was mainly triggered by the higher pasture area needed for a full grazing regime. The difference was based 2 only on the emissions of the system level and did not take into account e.g. the N2O emissions related to the maize 3 production through fertilization. 4
Grazing related emission factor 5
Emissions as described in Sect. 4.1 enabled the comparison of the systems M and G and the discussion of the diet effects on 6 N2O emission. However, values presented in literature or used in national inventories typically relate the found emissions to 7 the N input within a given time period. The annual grazing related EF (Table 5) areas which contributed significantly to the overall pasture emissions (Sect. 3.3.2) and thus lead to higher emissions 17 compared to studies looking only at the direct excreta effect. Hence, the EFs for excreta and retrieved by the EC method 18 cannot be compared directly, but the EC based EF by this study represents a possible maximum for the site and year. 19
Relating the up-scaled FB measurements to the N excretion estimates resulted in separated EFs of 1.13 ± 0.3 % and 0.17 ± 20 0.04 % for urine and dung, respectively (average of systems given due to small difference, Table 5 based on the northern soil profiles. The northern profile was already installed in 2013 and thus it was assumed that this 5 profile reports more reliable measurements. For up-scaling, only the soil measurements of the northern system were used for 6 consistency. Nevertheless, the soil measurements did not differ much between the two systems. As the field scale EC fluxes 7 and cumulative emissions were very similar for both systems as well, homogeneity on the pasture was assumed (as far as 8 concerned for up-scaling the FB measurements). 9 We found that pasture emissions were dominated by excreta emissions during the GOP (about 60 %). On a seasonal basis, 10 the up-scaled fluxes compared well with the gap filled EC measurements and justified the disaggregation of the up-scaled 11 field scale emissions. Especially during time periods where both FB fluxes and EC fluxes were measured (July -October) 12 the agreement between the systems was very good. 13
However, the retrieved regression resulted in a poor performance for certain soil conditions. The limited sensitivity towards 14 changes in VWC of the background fluxes is probably due to the fact that FB measurements were mainly performed during 15 dry soil conditions. Additionally, we have no certain explanation why we did not find a significant sensitivity of the 
Advantages and problems of experimental setup 30
The presented field campaign was designed to estimate the N2O emissions of two parallel grazing systems and to compare 31 different feeding diets of the herds. Field scale emissions derived by the EC method resulted in a wide range of measured 32 emissions which were mainly driven by environmental and management related parameters. Nevertheless, the setup with two 33 towers allowed for a good comparison with a sufficient number of measured fluxes from both systems. Due to a delayedinstallation of the EC tower at system G all fluxes prior mid of April had to be gap filled which resulted in a higher 1 associated uncertainty. 2
The excreted N modelled by the animal budget model at a temporal resolution of 1 day was needed in order to quantify the 3 EF of the two systems and to upscale FB chamber measurements to the field scale. Nevertheless, direct measurements would 4 have been preferable. However, as the N content in the excreta is highly variable (Betteridge et al., 2013) on a seasonal (e.g. 5 due to variability in the N content of the fodder) and short term scale (e.g. different urine volume, different cows, difference 6 between day and night) continuous measurements throughout the grazing period for a representative number of cows would 7 have been needed. This is only possible with measurement equipment directly placed on the cow. Beside the still 8 considerable uncertainty associated to these measurements they are often limited regarding animal welfare and not well 9 established (Misselbrook et al., 2016). Thus, they were not used in this study. 10
The combined approach of EC and FB measurements allowed the quantification of the uncertainty of the up-scaling routine 11 and the good match between the two measurement approaches justified the disaggregation of the different emission sources 12 on the pasture. The uncertainty associated to this up-scaling resulted mainly from missing FB measurements during wet soil 13 conditions (e.g. in spring) which prohibited the calculation of a more complex environmentally driven background and urine 14 emission regression. In summary, the experiment resulted in robust field scale emissions, enabled us to compare the two 15 systems and resulted in satisfying contribution estimates from the different emission sources. 16 the pasture. We found no significant temporal pattern of the background fluxes. Urine patch emissions were parametrised by 19 an exponential decay with time whereas a less pronounced dependency on excreta age of dung emissions was observed. This 20 relation was parametrised with a quadratic function and a maximum after about 10 days. On a field scale level, urine patch 21 emissions dominated the pasture emissions during the grazing season. Nevertheless, background fluxes contributed 22 significantly to the pasture emissions as well. The origin of these background fluxes is still uncertain and should be 23 addressed in further studies. 24
Taking the different size of the pastures into account, the emissions showed a clear difference of about 25 % between the two 25 systems and revealed the large potential of an N optimised feeding strategy to reduce N2O emissions. The grazing related 26
EFs retrieved by the eddy covariance (EC) method were 1.24 ± 0.20 % for system M and 1.36 ± 0.26 % for system G and 27 were thus lower compared to the current default EF of 2 % provided by the guidelines of the IPCC. The combined approach 28 with EC and FB measurements proved to be appropriate to observe and quantify the magnitude of the pasture emissions and 29 the contribution of the single emission sources. The combined findings suggest the disaggregation of the excreta EF in single 30
EFs for urine and dung (1.13 ± 0.3 % and 0.17 ± 0.04 %, respectively). 
3
One value (28.7 g N2O-N ha -1 h -1 on system M) was skipped for better readability. 
